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The development of an eco-friendly and reliable process for the synthesis of gold 
nanomaterials using microorganisms is gaining importance in the field of nano- 
technology. In the present study, gold nanoparticles have been synthesized by re- 
duction of aqueous gold ions using the culture supernatant of Aspergillus niger 
NCIM 616. The synthesis of the gold nanoparticles was monitored by UV- visible 
spectroscopy. The particles thereby obtained were characterized by UV, Fourier 
transform infrared (FTIR), scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), and X-ray diffraction (XRD). The stability of the 
synthesized gold nanoparticles was analyzed by zeta potential measurement. 
Treatment of the fungal supernatant with aqueous Au + ions produced nanoparti- 
cles with an average particle size of 12.79 ± 5.61 nm. Different characterization 
studies showed that the extracellular enzyme secreted by Aspergillus niger NCIM 
616 might be responsible for both formation and capping of the metal nanoparti- 
cles. 
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1 Introduction 

A key aspect of nanotechnology concerns the development of 
reliable experimental protocols for the synthesis of nanomate- 
rials over a range of chemical compositions, sizes, and high 
monodispersity. In the context of the current drive to develop 
eco-friendly processes and green technologies in material syn- 
thesis, the approach of biological synthesis of nanoparticles as- 
sumes considerable importance [1]. The impetus of synthesis 
has shifted from physical and chemical processes towards 
'green' chemistry and bioprocesses [2]. The use of microor- 
ganisms in the synthesis of nanoparticles is a relatively recent, 
new, and exciting area of research with considerable potential 
for development [3]. Microorganisms like yeast, bacteria, and 
fungi play an important role in the remediation of toxic metals 
by reducing them under stress conditions which forms the 
basis for the use of microorganisms in the biosynthesis of 
nanoparticles [4]. Such microorganisms have recently been 
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recognized as possible eco-friendly nanofactories [5]. Some ex- 
amples of nanoparticle formation by organisms are magneto- 
tactic bacteria synthesizing magnetite nanoparticles [6] and 
S-layer bacteria producing gypsum and calcium carbonate 
layers [7]. Sastry et al. [1] reported the reduction of gold and 
silver ions to respective metallic nanoparticles when exposed 
to the fungi Verticillium sp. and Fusarium oxysporum. Proteins 
and other biomacromolecules control the nucleation and 
growth of these inorganic structures [8, 9]. Various microbes 
are known to reduce metal ions to the metals [1, 10, 11]. The 
enzymes in the viable microbes catalyze the active metal trans- 
formation processes. The microorganisms probably play a role 
in providing a multitude of nucleation centers and establish 
conditions for obtaining highly disperse nanoparticle systems. 
They slow down or entirely prevent aggregation by immobiliz- 
ing the particles and providing a viscous medium [12]. 

Gold nanospheres show plasmon resonance with absorption 
at nearly 520 nm. When light is passed through the solution of 
gold nanoparticles, a portion of the incident light is scattered 
but the absorbed light heats the particles and increases the lo- 
calized temperature. This is exploited in various proposed 
photo-thermal therapeutic applications of gold nanoparticles 
[13]. Some attempts have been made for extracellular bio- 
synthesis of gold nanoparticles using different strains of bacte- 
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ria like Pseudomonas aeruginosa [14], Bacillus subtilis 168 
[5, 15], extremophilic actinomycetes like Thermomonospora 
sp. [16], and fungi like Verticillium sp. [17], and Fusarium oxy- 
sporum [18]. 

This study demonstrates the extracellular biosynthesis of 
stable gold nanoparticles using the fungus Aspergillus niger. We 
have used this fungus previously to study fermentative produc- 
tion of squalene in submerged fermentation [19], and the 
supernatant of the seed media obtained after separating the 
cells have been used for the synthesis of gold nanoparticles. 



2 Materials and Methods 
2.1 Media Components 

Glucose, yeast extract, peptone for bacteriology, malt extract, 
agar, and auric chloride AR grade were purchased from Hi- 
media Ltd, Mumbai, India. 



2.2 Microorganisms and Culture Conditions 

The fungus Aspergillus niger NCIM 616 was obtained from the 
National Collection of Industrial Microorganisms (NCIM), 
NCL, Pune and maintained on potato-dextrose agar slants at 
25 °C. Stock cultures were maintained by subculturing at 
monthly intervals. The fungus was grown at pH 5.5 and 25 °C 
for 7 days. 



2.3 Production of Fungal Biomass Using the Fungus 
Aspergillus niger NCIM 616 

Aspergillus niger NCIM 616 was cultivated in a media contain- 
ing 3.0 g L 1 malt extract, 3.0 g L 1 yeast extract, 5.0 g L 1 
peptone, and 10 g L" 1 D-glucose in distilled water [20]. The 
initial pH of the culture was adjusted to 5.5 before autoclaving. 
Spore suspensions containing 10 7 spores per mL of Aspergillus 
niger NCIM 616 were inoculated from 7 days old agar slants 
into 500 mL Erlenmeyer flasks containing 100 mL of sterile 
medium. The flasks were kept on a rotary shaker (180 rpm) at 
28 ± 2 °C for 96 h. 

The mycelial mass of Aspergillus niger NCIM 616 was then 
separated from the culture broth by centrifugation (5000 rpm) 
at 15 °C for 20 min and the settled mycelia were washed thrice 
with Milli-Q deionized water. The washed mycelia were then 
added in deionized water and incubated on a rotary shaker 
(180 rpm) at 28 ± 2°C for 72 h. After 72 h, the biomass was 
separated by filtration and the aqueous filtrate was used for 
the biosynthesis of nanoparticles. 



2.4 Biosynthesis of Gold Nanoparticles 

Fifty milliliter of the aqueous filtrate was added to 50 mL of 
2 mM auric chloride solution to make the final auric chloride 
concentration to 1 mM in a 500 mL flask. The solution was 
then kept on a rotary shaker (180 rpm) at 28 ± 2°C for 96 h. 



Simultaneously, a control of only aqueous filtrate and a control 
containing only auric chloride solution were maintained under 
the same conditions. 



2.5 Characterization of Gold Nanoparticles 

The formation of gold nanoparticles was monitored by visual 
inspection of the solution, as well as by periodical recording of 
the UV-vis spectra of the reaction mixture. The UV-vis spec- 
troscopy measurements were recorded on a UV visible 1650 
PC Shimadzu double beam spectrophotometer (France). The 
aqueous filtrate containing gold nanoparticles was freeze-dried 
and used for further characterization. A laboratory-scale vacu- 
um freeze dryer (Ref-Vac Consultancy, India) was used for this 
study. It consisted of a cylindrical stainless-steel drying cham- 
ber, a condenser capable of operating at -35 °C, and a vacuum 
pump (Crompton Greaves, India). Samples were frozen in an 
external deep freezer (Blue Star, India) at -23 °C for 6 h. 
Meanwhile, the freeze dryer was started and the temperature 
of the condenser was allowed to reach its minimum level of 
-35 °C. Thereafter, the frozen sample was placed in the drying 
chamber, and subsequently the vacuum pump and the heater 
were started. The temperature of the sample and pressure in- 
side the chamber were set at 25 °C and 30 Pa, respectively. 

Scanning electron microscopy (SEM) of the freeze-dried 
sample was performed by mounting nanoparticles on speci- 
men stubs with double-sided adhesive tape, coated with plati- 
num in a sputter coater, and examined under JEOL 6386® 
SEM (Japan) at 10 kV. For transmission electron microscopy 
(TEM), a drop of aqueous solution containing the gold nano- 
materials was placed on the carbon-coated copper grids and 
dried under an infrared lamp. Micrographs were obtained 
using a Philips® CM 200 operating at 200 kV (USA). To deter- 
mine the Fourier transform infrared (FTIR) pattern of the 
sample, the fungal filtrate containing the gold nanoparticles 
was freeze-dried and the dried powder was diluted with potas- 
sium bromide at a ratio of 1:100 and the spectrum was re- 
corded in an Perkin Elmer FTIR Spectrum BX (Wellesley, MA, 
USA). The freeze-dried reaction mixture embedded with the 
gold nanoparticles was used for X-ray diffraction (XRD) analy- 
sis. The XRD pattern was recorded on an X'Pert Pro from 
PANalytical (USA) operating at 40 kV and a current of 30 mA 
with Cu K a radiation (2=1.54°A). Zeta potential measure- 
ments of nanosuspensions were performed using a Delsa™ 
Nano Beckman Coulter (USA). 



3 Results and Discussion 

This work explores the biosynthesis of gold nanoparticles 
using Aspergillus niger NCIM 616 which was previously used 
for squalene production. The synthesis of gold nanoparticles 
was validated by visually monitoring three flasks containing 
only the aqueous filtrate prepared from Aspergillus niger NCIM 
616 fermentation, auric chloride solution, and reaction mix- 
ture of the aqueous filtrate with auric chloride. The fungal 
aqueous filtrate and the auric chloride solution were observed 
to retain their original color, whereas the auric chloride mixed 
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supernatant turned to dark purple (ruby red) after 24 h of in- 
cubation (see Fig. 1). The appearance of a dark purple color in 
solution is a clear indication of the formation of gold nanopar- 
ticles in the reaction mixture. The change in color of the solu- 
tion is due to the excitation of surface plasmon vibrations in 
the gold nanoparticles, which is the characteristic property of 
the nanoparticles [21]. 

The UV-vis spectra of the aqueous reaction mixture were 
recorded (see Fig. 2). Aliquots of the reaction mixture were 
withdrawn at various time intervals and scanned on a UV- 
visible spectrometer. A strong surface plasmon resonance was 
centered at 540 nm. This is a characteristic property of colloi- 
dal gold [17]. The spectra clearly showed an increase in the in- 
tensity of absorbance of the gold nanosuspension with time 
(see Fig. 2b), indicating the formation of an increased number 
of gold nanoparticles in the solution with the progress of the 
reaction [22]. Over a period of 96 h, the gold nanoparticle 
peak remained close to 540 nm, indicating the particles to be 
well dispersed in solution. Aggregation was also observed. Ah- 
mad et al. [23] have reported a very good monodispersity of 
gold nanoparticles synthesized by Thermonospora sp. The UV- 
visible spectra in lower wavelength regions (200 - 400 nm) 
show the absorption of UV light near to 280 nm, suggesting 
the presence of protein in solution and aromatic amino acids 
in these proteins to be responsible for absorbance. 

SEM determination of the freeze-dried sample showed for- 
mation of gold nanoparticles (see Fig. 3). The morphology of 
the nanoparticles was highly variable. Further insight into the 
morphology and size details was provided by TEM analysis. 
Fig. 4 of TEM showed all the nanoparticles to be well separat- 
ed without agglomeration. The morphology of the nanoparti- 
cles was uniform, with spherical and occasionally elliptical 




Figure 1. Visual observation of the gold nanoparticle formations: (A) aqueous filtrate control 
(B) reaction mixture, (C) auric chloride control. 



nanoparticles being observed in the micrograph. The separa- 
tion of the gold nanoparticles observed in the TEM image 
could be due to capping by proteins which may play a role in 
the stabilization of the gold nanosuspension. The particle size 
of the gold nanoparticles in the reaction mixture was con- 
firmed by the TEM image (see Fig. 5) which showed an aver- 
age particle size of 12.79 ± 5.61 nm. 

The amide linkages between amino acid residues in proteins 
give rise to well-known characteristic bands in the infrared re- 
gion of the electromagnetic spectrum. Fig. 6 shows the FTIR 
spectrum of the freeze-dried powder of gold nanoparticles 
formed after 96 h of incubation with the aqueous filtrate ob- 
tained from the fungus. The FTIR measurement indicated that 
the structure of proteins was not affected because of its inter- 
action with Au + ions or nanoparticles. The bands seen at 
3217 cm -1 correspond to the stretching vibrations of primary 
amines and corresponding bending vibrations were seen at 
1645 cm -1 . The two bands observed at 1383 and 1112 cm -1 
can be assigned to the C-N stretching vibrations of aromatic 
and aliphatic amines, respectively. The presence of amide link- 
ages suggests that there are some proteins in the reaction mix- 
ture. These proteins might be responsible for the formation of 
the nanoparticles and may play an important role in the stabi- 
lization of the formed nanoparticles. 

One of the important ways to characterize nanoparticles is 
by evaluating the XRD spectrum of the sample (see Fig. 7). 
The XRD spectrum of the nanoparticles synthesized in this 
work confirmed the presence of crystalline gold nanoparticles 
(Joint Committee on Powder Diffraction Standards file no. 04- 
0784). The intense peaks observed agreed with Bragg's reflec- 
tion of gold nanoparticles reported in the literature [24]. 
The gold nanoparticles synthesized earlier using bacteria 
[5, 14, 15], fungi [17, 18], actenomy- 
cetes [23], and plant extract [25] also 
validate our current finding of bio- 
synthesis of gold nanoparticles. 

The zeta potential measurement of 
the gold nanosuspension was per- 
formed using a Delsa™ Nano Beck- 
man Coulter apparatus. The mean val- 
ue of zeta potential -32.10 mV (see 
Tab. 1) indicated the gold nanosuspen- 
sion to be stable without any aggrega- 
tion (see Fig. 8). The prevention of ag- 
gregation could be due to the protein, 
which acts as a capping agent on the 
nanoparticles. It has been reported ear- 
lier that proteins can bind to nanopar- 
ticles either through free amine groups 
or cysteine residues in the proteins and 
via the electrostatic attraction of nega- 
tively charged carboxylate groups in 
enzymes present in the cell wall of my- 
celia. Therefore, stabilization of the 
gold nanoparticles by protein is a pos- 
sibility [26]. 

The potential applications of gold 
nanoparticles are in the field of cataly- 
sis [27-29], biomedicine [30-33], and 
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Table 1. Zeta potential measurement of the gold nanosuspen- 
sions. 
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Figure 2. (a) UV-vis spectra recorded with respect to time after 
the reaction of 2 mM auric chloride solution with aqueous fil- 
trate obtained from A. niger. (b) Increase in the absorbance with 
respect to time after the reaction of 2 mM auric chloride solution 
with aqueous filtrate obtained from A. niger. 



photo-electronic materials [35, 35]. This process of extracellu- 
lar biosynthesis of gold nanoparticles using the fungal system 
is advantageous in homogeneous catalysis and nonlinear op- 
tics. It is free from any toxic chemicals or solvents. This is im- 
possible when nanoparticles are bound to cell biomass. It is 
eco-friendly and also lends itself readily for large-scale produc- 
tion. In general, biological systems at room temperature in- 
volve low energy consumption and are environmentally safe. 
An advantage of the current method is that synthesized nano- 
particles are stable in solution and therefore lend themselves 
for large-scale process development. pH and temperature are 



Run 



Zeta potential of gold 
nanoparticles 

(mV) 



1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 



-19.15 
-11.32 
-15.88 
-16.54 
-18.04 
-6.45 
-16.96 
-26.98 
-31.79 
-26.98 
-19.01 



Standard error 



2.42 




Figure 3. SEM image of gold nanoparticles at 15 kV x 5000 reso- 
lution. 




Figure 4. TEM image of gold nanoparticles. 



observed to be critical parameters for the synthesis of mono- 
dispersed silver nanoparticles [36, 37] and could be extrapo- 
lated to the biosynthesis of gold nanoparticles. 
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Figure 5. Particle size distribution of gold nanoparticles obtained from TEM image analysis. 
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Figure 6. FTIR spectrum recorded from the freeze-dried reaction mixture of gold nanoparticles. 
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4 Conclusions 

The fungal reduction of auric chloride by As- 
pergillus niger yielded gold nanoparticles of 
12.79 + 5.61 nm. The present investigation sug- 
gests extracellular biosynthesis and stabiliza- 
tion of gold nanoparticles by proteins secreted 
in the aqueous filtrate. The advantage of bio- 
synthesis of nanoparticles using this protocol 
over other methods currently in use is that the 
nanoparticles are quite stable in solution. This 
study may therefore lead to the development 
of a simple bioprocess for the synthesis of gold 



Figure 7. X-ray diffraction pattern recorded from the freeze-dried powder of the gold nanoparticles. 
nanoparticle reaction mixture. 
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Figure 8. Zeta potential measurement of the gold nanosuspen- 
sion. 
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